Abstract: The purpose of this study was to investigate changes in bone quality associated with the mineralization of new bone forming around implants. Eight 18-week-old male New Zealand white rabbits and implants fabricated from Ti-15%Zr-4%Nb-4%Ta alloy were used in the study. Characteristics of new bone formed around implants at 4 and 8 weeks and cortical bone were compared using X-ray photoelectron spectroscopy (XPS) for elemental qualitative and quantitative analysis, polarized microscopy (PM) for histological examination, and Fourier transform infrared Imaging (FTIR Imaging) to characterize molecular distributions in new bone and cortical bone. Results from XPS analysis showed changes in the chemical bonding in new bone over time (4 weeks vs. 8 weeks). PM showed changes in collagen birefringence, orientation and intensity in new bone over time, becoming more similar to those of cortical bone after 8 weeks. FTIR Imaging showed that in new bone close to cortical bone, amounts of PO 4 3-and CO 3 2-ions (representing mineral or inorganic components), and amounts of amide I (representing the organic component) increased over time as mineralization progressed. In new bone more distant from cortical bone, PO 4 3-, CO 3 2-, and amide I distributions also increased over time, but to a lesser extent to that observed near cortical bone. Our findings clearly showed changes in the quality of new bone forming around implants, and these changes were related to mineralization.
Introduction
Osseointegration between dental implants and bone is important for long-term stability due to remodeling of new bone forming around the implants. Maximum bite force for adults with natural tooth alignment is about 430 N 1) , and similar forces are generated with prostheses and implants. Under such demanding conditions, new bone formation around implants is crucial for long-term maintenance and stability.
The new bone that forms around an implant is trabecular bone 2) , characterized by a 3-dimensional arrangement of trabeculae, and regularity of orientation of bone corresponding to dynamic load.
However, although new bone forming around an implant shows a trabecular-like appearance, the extent to which new bone is replaced by cortical bone, remains trabecular bone, or represents immature osteoid can be difficult to distinguish. Evaluation of bone quality is thus necessary.
The quality of bone forming around implants has been investigated by various groups, including Nakano et al. 3) , who evaluated bone density and alignment of biological apatite (BAp), and Boskey et al. 4) , who used Fourier transform infrared imaging (FTIR imaging)to assess bone and cartilage quality and composition. In addition, our research group has reported the use of polarized microscopy (PM) [5] [6] and scanning electron microscopy (SEM) 7) to evaluate new bone and cortical bone quality, microscopic Raman spectroscopy to analyze phosphate peaks of bone apatite 8) , and micro-computed tomography (micro-CT) to assess trabecular microarchitecture and bone mineral density Moreover, responses to early dynamic loading in implants, with analysis of changes in new bone quality associated with mineralization, remain an important issue for research.
The purpose of this study was to investigate changes in bone quality associated with mineralization of new bone forming around implants. This study used X-ray photoelectron spectroscopy (XPS)
for elemental qualitative and quantitative analysis, PM for histological examination, and FTIR Imaging microspectrometry to characterize molecular distributions in new and cortical bone.
Materials and Methods

Experimental animals
The animal study protocol (No.07-0016) was approved by the Animal Ethics Committee of Nihon University School of Dentistry at Matsudo. Eight 18-week-old male New Zealand white rabbits weighing about 3 kg (Sankyo Labo Service, Tokyo, Japan) were acclimatized for 1 week and used in the study.
Materials
Implants (diameter, 3.0 mm; length, 7.0 mm) were fabricated using Ti-15%Zr-4%Nb-4%Ta (Ti-15-4-4) alloy [11] [12] [13] [14] [15] . Surface treatment of implants consisted of acid-etching (sulfuric acid + NaF etching) and subsequent immersion in simulated body fluid (SBF). Table 1 lists the composition of SBF.
Implantation
Rabbits underwent general anesthesia with 2.0 mg/kg of intravenous Ketalar (Daiichi Sankyo, Tokyo, Japan). Implant cavities were surgically created in the tibia 10 mm distal to the knee joint, one each bilaterally, using a 1.0-mm and 3.0-mm diameter round bar, while irrigating the area with sterile saline.
Implants were inserted into the right tibia, with each rabbit receiving one implant and eight implants were used. After surgery, the areas were disinfected with tincture of iodine for 3 days. Rabbits were sacrificed by anesthesia overdose at 4 and 8 weeks postimplantation, and the tibias were resected.
Preparation of non-decalcified specimens
Resected right tibias were fixed by immersion in 10% formalin.
Tibias were dehydrated and defatted with 70-100% ethanol and 100% acetone, then embedded in resin (Osteoresin embedding kit;
Wako Pure Chemical Industries, Osaka, Japan). Thin sections (about 100 µm) were cut parallel to the long axis of the implant using a diamond disc (Isomet; Buehler, Illinois, USA). Non-decalcified specimens were not stained. (hydroxyapatite (HA)). Narrow-scan measurements were corrected using a relative sensitivity factor (RSF), with HA powder as a reference standard. Relative values were calculated using the integrated peak area and RSF of each element. Bone remodeling occurs partially, so differences in measured results are common.
Specimen examination 1) XPS analysis
New and cortical bone were each measured at 3 sites, and the sites exhibiting values closest to the mean value for the 3 sites was consider to represent the measurement sites for "new bone" and "cortical bone".
2) PM analysis
Non-decalcified specimens of bone are complex tissues containing both inorganic and organic phases. PM measures polarization and interference exhibited due to birefringence when bone is irradiated with polarized light 16) . PM was performed using an Optiphoto2-POL system (Nikon, Tokyo, Japan) with both crossNicol and gypsum plate methods to analyze changes in new and cortical bone. 
3) FTIR imaging analysis
Results
XPS analysis
Based on the wide-scan results ( Fig. 1, 2 Results of quantitative analysis for each element were Ca 7.6 atomic% and P 5.2 atomic% at 4 weeks, and Ca 8.5 atomic% and P 5.6 atomic% at 8 weeks. Compared to cortical bone (Ca 10.3 atomic%, P 6.8 atomic%), Ca and P increased between 4 and 8 weeks in new bone, approaching the values seen in cortical bone.
Levels of Na and Mg in both types of bone were below the limits of detection. (Fig. 7) , and an indistinct border with cortical bone. However, few lamellae were present and the orientation of collagen fibers in each lamella was still somewhat irregular, displaying a felt-like or small plate-like quality. With the gypsum 
PM analysis
FTIR imaging analysis
FTIR spectra (Fig. 5-C , and CO 3 2-/PO 4 3-absorption intensity ratios.
In the FTIR spectrum of new bone at 4 weeks, intensities of PO 4 3-and CO 3 2-absorption bands were reduced compared to those for cortical bone (Fig. 5-C) . Cortical bone mainly showed a high distribution of PO 4 3-and CO 3 2-absorption bands (red-yellow level), while new bone showed low to moderate distribution (green-blue level) (Fig. 5-D, E) . Between new and cortical bone, a distinct border was noted between areas of different absorption. However, no significant differences in CO 3 2-/PO 4 3-distribution ( Fig. 5-F) were observed between new and cortical bone.
In the FTIR spectrum of the new bone near cortical bone at 8 weeks, PO 4 3-and CO 3 2-absorption bands showed moderate to high distribution (green-yellow or partially red level), indicating a degree of mineralization similar to that in cortical bone ( 
Discussion
Bone is an intimate biologic composite comprising carbonate apatite nano-crystals as the inorganic component and mostly collagen as the organic component 17) . Pulverization and removal of the organic component (deorganification) are necessary steps commonly used in bone analysis [18] [19] [20] . However, procedures used for deorganification can cause denaturation of the collagen component and pulverization can damage crystals, thereby reducing the reliability of data 6) . In this study, bone analyses were performed using methods that do not change the quality or properties of bone is an issue for future study.
Chemical bonding determined by XPS analysis
Birefringence and collagen orientation from PM analysis
PM is widely used in mineralogy and crystallography to measure polarization and birefringence, and polarization properties are important in identifying crystalline and molecular structures [24] [25] .
The cross-Nicol method was used to examine bone lamellar structure with the extinction position and diagonal position observed as alternately continuous images. In the extinction position, collagen fibers ran parallel to the direction of observation and appeared dark.
In the diagonal position, collagen fibers were perpendicular to the direction of observation and appeared light. Using the gypsum plate method, the microscope stage was rotated 90 degree to increase or decrease light. For crystal orientation, purple, green, blue, white, and orange interference colors were observed according to the phase based on polarization properties.
In new bone at 4 weeks post-implantation, the border between new and cortical bone was distinct due to differences in the orientation of collagen fibers between these two types of bone. In new bone at 8 weeks, however, some lamellar structure was observed, causing the border with cortical bone to become more indistinct. However, this was unlike the regular lamellar structure observed in cortical bone. Using the gypsum plate method, collagen fiber birefringence intensity and orientation could be identified by color, so structural differences between new and cortical bone became more apparent. Bone quality at and beyond 8 weeks thus becomes more like cortical bone due to continuous remodeling. At 4 weeks, new bone was still immature fibrous bone, whereas qualities at 8 weeks more closely resembled those of cortical bone.
In addition, the strong polarization characteristics of new bone between 4 and 8 weeks identified this as a period of continuing mineralization. Using PM, the observed changes in bone quality, including collagen fiber orientation at 4 and 8 weeks and differences in the degree of mineralization compared to cortical bone, were similar to data previously reported by Suwa et al 5) .
Molecular structure obtained from FTIR images
FTIR imaging is widely used to determine bone quality [26] [27] [28] [29] ,
and its reliability as an analytical procedure has been established [30] [31] . However, serial changes in molecular distribution of new bone have not been reported to date. This study therefore used FTIR imaging to evaluate changes in bone quality related to mineralization, based on the measurement of molecular distributions in new and cortical bone.
Carbonate-substituted apatite is the principal component of HAp, the inorganic substance in bone, and gives characteristic C-O and P-O absorption bands for CO 3 2-and PO 4 3-ions, respectively, in FTIR spectra 17, 21) . The inorganic component of bone can thus be assessed by measuring PO 4 3-distributions 6) . Similarly, the principal organic component in bone is type I collagen, which is characterized by amide I absorption band of the amide groups (amide I, II, and III).
Distribution of the organic component in bone can thus be assessed by measuring amide I-III distribution 6) . Our study measured amide I, which shows higher absorbance compared to amide II and III. In addition, the degree of mineralization in bone can be assessed by determining the PO 4 3-/amide I ratio [32] [33] . The amount of carbonate apatite nanocrystals can be evaluated using the CO 3 2-/PO 4 3-ratio 32) .
In the present study, PO showed a higher degree of mineralization compared to new bone at 4 weeks, and bone quality at 8 weeks post-implantation more closely resembled cortical bone. In our study, all infrared absorption spectra were characteristic for bone tissue, and were in agreement with previously reported data 34) .
Finally, in our study, PO 4 3-, CO 3 2- , and amide I distributions in new bone near the border with cortical bone increased from 4 weeks to 8 weeks, and mineralization progressed. In new bone more distant from cortical bone, PO 4 3-, CO 3 2-, and amide I distributions also increased, but to a lesser extent compared to new bone adjacent to cortical bone. In a previous study using rabbit femurs, when we measured BMD of new bone that had formed around implants at 48 weeks (with new bone defined as bone formed in the marrow cavity, but not in direct contact with cortical bone), we identified a difference in quality between new and cortical bone 35) . In new bone extending from cortical bone, PM showed an indistinct border. This indicates a difference in the progression of mineralization between new bone in direct contact and that not in contact with cortical bone.
New bone formation and maturation require microvasculature and microcirculation [36] [37] [38] . , and amide I ratios. Changes in bone quality were related to the degree of mineralization.
Conclusion
This study investigated the quality and composition of new bone that formed around implants at 4 and 8 weeks post-implantation, compared to those of cortical bone. In new bone near cortical bone, PO 4 3-, CO 3 2-, and amide I distributions increased over time, and calcification progressed. In new bone more distant from cortical bone, PO 4 3-, CO 3 2-, and amide I distributions also increased over time, but to a lesser extent compared to that close to cortical bone.
Our findings clearly showed changes in bone quality related to the degree of mineralization, based on sequential changes in chemical bonding and the distribution of elements and molecules comprising bone.
